Otx genes have been identified in a variety of organisms and are commonly associated with the patterning of anterior structures. In some vertebrates, Otx genes are also expressed in the prechordal mesoderm, where they may have a role in cell movement. Here we report the characterization of CnOtx, an Otx gene in hydra, thereby providing evidence that Otx genes appeared early in metazoan evolution. CnOtx is expressed at high levels in developing buds and aggregates, where it appears to have a role in the cell movements that are involved in the formation of new axes. Further, the gene is expressed at a low level throughout the body column of hydra. This latter pattern may reflect a role for CnOtx in specifying tissue as competent to be anterior, although the gene does not have a direct role in the formation of the head.
INTRODUCTION
A fundamental question in developmental biology is how the body plans of diverse organisms are patterned. Accumulating evidence has revealed that common genes and molecular mechanisms are utilized in patterning embryos in a wide range of phyla. For example, Drosophila homeotic genes and their vertebrate counterparts, the Hox genes, show surprising structural and functional conservation, as both groups of genes are important in the patterning of the anterior/posterior axis. The homeotic genes in Drosophila are part of an intricate genetic hierarchy that patterns the trunk of the embryo. In vertebrates, Hox genes are involved in patterning the hindbrain and spinal cord (for review, see McGinnis and Krumlauf, 1992) .
The evolutionary conservation of patterning genes also extends to the Cnidarians, the first metazoans with a defined body plan. These animals tend to have very simple body plans. For example, hydra consists of a single radially symmetrical axis with a two-part head structure at the apical end, a body column, and then, a foot at the basal end. The identification of hydra homologues of genes involved in patterning more complex organisms provides an invaluable perspective on the evolution of such genes and their roles in patterning. Several homeobox genes have been isolated from hydra and other cnidarians (Schierwater et al., 1991; Murtha et al., 1991; Miles and Miller, 1992; Schummer et al., 1992; Shenk et al., 1993a; Naito et al., 1993; Aerne et al., 1995; Kuhn et al., 1996; Grens et al., 1996) , and some of those identified in hydra appear to have roles in axial patterning. For example, Cnox-2, a Hox gene, is involved in negatively regulating head formation (Shenk et al., 1993a,b; Endl et al., 1999) . Another homeobox gene, CnNK-2, is involved in patterning the foot of hydra (Grens et al., 1996) .
In many animals, the patterning of the head is orchestrated by a set of genes distinct from those patterning the trunk of the embryo. Some of these head patterning genes show remarkable evolutionary conservation of function. A particularly striking example is the Otx family of homeobox genes, which includes members identified in vertebrates (e.g., Simeone et al., 1992 Simeone et al., , 1993 Blitz and Cho, 1995; Pannese et al., 1995; Bally-Cuif et al., 1995) , prechordates (Gan et al., 1995; Degnan et al., 1996; Holland, 1996, 1998; Wada et al., 1996; Sakamoto et al., 1997) , and invertebrates (Finkelstein et al., 1990; Wilson et al., 1994; Bruce and Shankland, 1998) . In Drosophila and vertebrates, Otx genes are also closely associated with the specification of anterior tissue very early in developing embryos (for review, see Finkelstein and Boncinelli, 1994) . Further, some vertebrate Otx genes appear to be involved in the cell movement of prechordal mesoderm early in development (e.g., Bally-Cuif and .
Here we report the isolation and characterization of CnOtx, a hydra Otx gene. The expression patterns of CnOtx were analyzed during normal development and in several circumstances where head formation was induced. The results indicate that CnOtx most likely plays a role in the cell movements that occur during the formation of a new axis in hydra. In addition, although CnOtx is not specifically associated with the formation of head structures, it may be involved in the specification of anterior tissue.
MATERIALS AND METHODS

Hydra Culture
Most experiments were conducted using the L2 strain of Hydra vulgaris, while the Basel strain of H. vulgaris and the 105 strain of H. magnipapillata were used where indicated (Grens et al., 1996) . All hydra were cultured in hydra medium (1.0 mM CaCl 2 , 1.5 mM NaHCO 3 , 0.1 mM MgCl 2 , 0.08 mM MgSO 4 , 0.03 mM KNO 3 ) at 18°C. Animals were fed Artemia salinas nauplii (Sanders Brine Shrimp Co., UT) three times per week and washed daily with hydra medium.
Isolation and Characterization of a Hydra Otx Gene
A hydra Lambda ZAP II cDNA library (Stratagene) constructed from adult H. vulgaris poly(A) ϩ RNA (Sarras et al., 1994) was screened with a 32 P-labeled 400-bp NdeI-XhoI fragment of Xenopus Xotx2 (Blitz and Cho, 1995) containing the homeobox. The screening protocol was essentially as outlined in Blitz and Cho (1995) . Filters were washed under conditions of low stringency in 0.5ϫ SSC, 0.1% SDS at 37°C. Inserts were excised from isolated phage clones using the Rapid Excision kit (Stratagene), and cDNA clones were sequenced using the Sequenase kit (U.S. Biochemical).
Southern and Northern analyses were performed according to standard procedures (Sambrook et al., 1989) . A genomic Southern blot was probed with a 32 P-labeled full-length cDNA of CnOtx, the hydra Otx gene. The blot was washed at high stringency in 0.1ϫ SSC, 0.1% SDS at 65°C. The CnOtx transcript was analyzed using two Northern blots. The first blot, kindly provided by Diane Bridge, contained H. vulgaris (Basel strain) poly(A) ϩ RNA. The second, a cell-type Northern (generously provided by Thomas Holstein), contained H. vulgaris (Basel strain) poly(A) ϩ RNA isolated from elutriated cell fractions. Both Northern blots were probed with the same probe used for the Southern blot and washed at high stringency in 0.2ϫ SSC, 0.1% SDS at 65°C.
Phylogenetic Analysis
To investigate the evolutionary relationship of CnOtx to other Otx-related genes, phylogenetic trees were generated by parsimony analysis using PAUP 3.1.1 (Swofford, 1993) . The 60 amino acids of the homeodomain were used for analysis. Eighteen members of the Paired class of homeobox genes were used, including Otx genes, Otx-related genes, and more distantly related genes. The outgroup selected was Nk-2 (Jimenez et al., 1995) , a homeobox gene not of the Paired class. A heuristic search was performed, with tree bisection and reconstruction branch swapping (100 replicates, random addition). Bootstrap values were obtained with the same method (100 replicates, stepwise addition).
In Situ Hybridization
Sense and antisense digoxigenin-labeled CnOtx RNA probes were prepared using an RNA in vitro transcription labeling kit (Boehringer Mannheim). The probes were transcribed from a CnOtx 1.0-kb cDNA template that excluded the homeobox. In situ hybridization was performed on whole mounts of adult hydra largely as described previously (Grens et al., 1996) , with the following modifications in the procedure. Samples were hybridized in digoxigenin-labeled probe at an approximate concentration of 0.05 ng/l. For the alkaline phosphatase reaction, animals were incubated in the dark in BM-Purple (Boehringer Mannheim) at 37°C for 40 -50 min. The color reaction was stopped by washing with 100% ethanol, and samples were then mounted in Euparal (Asco Laboratories).
DAG and LiCl Treatment
H. magnipapillata (strain 105) were treated with diacylglycerol (DAG) and arachidonic acid (AA) as described by Mü ller et al. (1993) . The DAG/AA solution consisted of 0.1 mM 1,2dioctanoyl-sn-glycerol and 0.1 mM AA in hydra medium, made up fresh each day and sonicated immediately before use. Animals were treated for 30 min on the first day and 2 h each day thereafter. In order to maximize exposure to DAG/AA, the animals were placed in a shallow solution, i.e., 3 ml per 60-mm petri dish. Incubations were carried out on a rotating platform. Following the treatment period, the animals were washed thoroughly with hydra medium and incubated in hydra medium at 18°C.
For treatment with lithium chloride (LiCl), H. vulgaris (Basel strain) were incubated continuously in 0.5 mM LiCl in hydra medium. The animals were fed as usual and washed daily with LiCl solution.
Tissue Manipulations
Head regeneration experiments were conducted by cutting H. magnipapillata (105 strain) immediately beneath the tentacle zone. For foot regeneration, H. vulgaris (L2 strain) were cut just above the foot. All regenerates were incubated in hydra medium at 18°C and fixed for in situ hybridization periodically after removal of head or foot.
To follow tissue movements in developing buds, ectodermal cells were marked with the vital stain, India ink (Pelikan), which was diluted ϳ1:2 in hydra medium. Ink was injected into the ectoderm with a micropipette and was subsequently absorbed by ectodermal epithelial cells (Campbell, 1973) . The sizes and shapes of the ink marks varied somewhat, but only hydra with small, circular marks were chosen for further analysis. The spots of ink were examined for changes in shape each day for 3 to 4 days.
Preparation of Aggregates
Aggregates were made using modifications of the procedure described previously (Gierer et al., 1972) . For each time point, 100 whole animals (L2 strain of H. vulgaris) were washed with dissociation medium (DM: 5 mM CaCl 2 , 1 mM MgSO 4 , 2.8 mM KCl, 11 mM TES, 0.67 mM Na 2 PO 4 , 0.44 mM KH 2 PO 4 , 5 mM sodium pyruvate, 5 mM sodium citrate; Flick and Bode, 1983) and chopped into small pieces with a razor blade. The tissue pieces were transferred to a 1.5-ml eppendorf tube and centrifuged briefly at 8000g at room temperature. The supernatant was discarded, and the pellet was resuspended in 1 ml DM on ice. To dissociate the tissue fragments into a suspension of cells, the tissue was pipetted several times and allowed to settle for 10 min. The pipetting/ settling steps were carried out twice more, after which the supernatant was removed and placed in a new tube. Another three rounds of pipetting and settling were carried out, and the supernatant was collected again. The cell suspension was brought up to 4 ml with DM and then distributed in 0.4-ml aliquots into 0.4-ml eppendorf tubes. Cells were centrifuged for 5 min at 700 rpm in a Sorvall RT-6000B centrifuge at 4°C, and the tubes were inverted into a dish of hydra medium until the pellets, or aggregates, dropped into the hydra medium. Once the aggregates had dropped and were collected, they were incubated at 18°C, allowed to develop, and washed daily with hydra medium. Periodically thereafter, samples were removed and subjected to whole-mount in situ hybridization.
RESULTS
Isolation and Characterization of CnOtx, a Hydra Otx Gene
A H. vulgaris cDNA library was screened under conditions of low stringency, using the Xenopus laevis Xotx2 homeobox as a probe (Blitz and Cho, 1995) . Among the clones isolated from this screen was a cDNA of a hydra Otx gene, which we termed CnOtx. The cDNA contained a complete open reading frame encoding a predicted protein of 240 amino acids, with an Otx homeodomain located close to the N-terminus of the protein. This is similar to the location of the homeodomain in other Otx proteins (e.g., Drosophila Otd (Finkelstein et al., 1990) ; mouse Otx1 and Otx2 (Simeone et al., 1993) ) and is in contrast to many classes of homeobox genes where the homeodomain is located closer to the C-terminus (Scott et al., 1989) . No other Otx-specific domains, such as the Otx tail (Furukawa et al., 1997) , were discernible in the CnOtx protein. Southern analysis indicated that there is one Otx gene in hydra, and Northern analysis identified one transcript of ϳ1.6 kb (data not shown). CnOtx thus appears to be a single-copy gene, from which a single RNA is transcribed.
In general, the Otx homeodomains are very highly conserved, with only two or three residue differences between Drosophila and mouse, for example (Finkelstein et al., 1990; Simeone et al., 1993) . An alignment of the CnOtx homeodomain with other Otx homeodomains also reveals a high degree of conservation, as shown in Fig. 1 . At the amino acid level, the CnOtx homeodomain is 75-78% identical to other Otx homeodomains from a variety of organisms, indicating a high level of conservation given the evolutionary distance between hydra and these other organisms. CnOtx also shows similarity to Crx, a mouse gene related to the Otx genes (Furukawa et al., 1997; Chen et al., 1997) . Less similar are two more distant members of the Otx gene family, mouse P-Otx/Ptx1 (Lamonerie et al., 1996; Szeto et al., 1996) and mouse Otlx2 (Muccielli et al., 1996) .
Otx genes, along with bicoid (Driever and NussleinVolhard, 1988 ) and the goosecoid family of genes (e.g., Blumberg et al., 1991; Goriely et al., 1996) , are members of the K50 class of homeoboxes, which have a lysine at position 50 of the homeodomain. This residue is located in the recognition helix and is thought to confer DNA binding specificity (Hanes and Brent, 1989; Treisman et al., 1989) . The CnOtx homeodomain also has a lysine in this position ( Fig. 1) , further supporting its characterization as a member of the Otx gene family.
To confirm the identification of CnOtx as an Otx gene, a phylogenetic analysis was carried out using the homeodomains of several homeobox genes. Since the Otx family belongs to the Paired class of homeobox genes, members of several different families of this class were included in the (Finkelstein et al., 1990) ; Lox22-otx (Bruce and Shankland, 1998) ; Ceh-37 (Wilson et al., 1994) ; SpOtx (Gan et al., 1995) ; Hroth (Wada et al., 1996) ; AmphiOtx (Williams and Holland, 1998) ; Otx1, Otx2 (Simeone et al., 1993) ; Crx (Furukawa et al., 1997; Chen et al., 1997) ; P-Otx/Ptx1 (Lamonerie et al., 1996; Szeto et al., 1996) ; Otlx2 (Muccielli et al., 1996). analysis. The outgroup selected was Nk-2 (Jimenez et al., 1995) , a homeobox gene not of the Paired class. The consensus tree (Fig. 2) clearly placed CnOtx in the Otx gene family, with this position supported by a bootstrap value of 83%.
CnOtx Expression in Adult Hydra Polyps
The tissue dynamics of an adult hydra are unusual in that they require the processes of pattern formation and cell differentiation to operate continuously. Epithelial cells of the body column continually divide in the adult (Campbell, 1967a; David and Campbell, 1972) , resulting in a constant displacement of tissue from the upper body column apically into the head and from the lower body column onto the foot ( Fig. 3B ; Campbell, 1967b) . As cells are displaced, their properties change in accord with their change in location in the animal. For example, ectodermal cells that are displaced from the upper body column through the tentacle zone and onto the tentacles cease dividing and differentiate into (Miura et al., 1997) ; mouse Gsc (Blum et al., 1992) ; Drosophila Gsc (Goriely et al., 1996) ; Nk-2 (Jimenez et al., 1995) ; Pax7 (Jostes et al., 1990) ; Prd (Frigerio et al., 1986) ; Phox2 (Valarche et al., 1993) ; and Ptx1 (Vorbruggen et al., 1997). tentacle-specific battery cells (Bode et al., 1988; Holstein et al., 1991) . Thus, patterning must occur continuously, and genes that have important patterning roles can be studied in the adult.
In situ hybridization on whole mounts of adult hydra using a CnOtx antisense RNA probe indicated a low level of CnOtx expression in the body column and tentacle zone, but not in the extremities (Figs. 3A and 3B ). In the head, CnOtx was expressed in the tentacle zone, but not in the hypostome, and expression was sharply reduced or absent in the tentacles (Figs. 3A and 3B) . Hence, expression decreased abruptly at both the tentacle zone/tentacle and the tentacle zone/hypostome borders. In the body column, CnOtx was expressed uniformly from the tentacle zone down into the peduncle, the lower part of the body column. The basal border of CnOtx expression varied from midway through the peduncle down to the body column/foot junction. There was no CnOtx expression in the foot. In situ hybridization carried out using a CnOtx sense RNA probe showed no staining (data not shown).
In the body column, CnOtx transcripts were present almost exclusively in the ectodermal epithelial cells. Sections of stained animals had no detectable stain in the endoderm (data not shown). A cell-type Northern probed with a CnOtx cDNA indicated that there was some transcription of CnOtx in nerve cells (data not shown). However, as no labeled neurons were visible through wholemount in situ hybridization, the regional distribution of CnOtx-expressing neurons could not be determined. Most likely, the abundance of CnOtx transcripts in neurons is too low to be detected by in situ hybridization.
CnOtx Is Upregulated during Bud Development
Hydra reproduce asexually via budding, a process whereby a new animal is formed from body column tissue of the parent. To gain an understanding of the role of CnOtx during hydra development, the expression pattern of the gene was examined during budding.
The first visible sign of bud formation is the appearance of a circular, ectodermal placode in the budding zone, which is two-thirds of the distance down the body column from the head. The placode evaginates and then elongates into a cylindrical protrusion due to displacement of tissue from the adult. Thereafter, a head forms at the distal end of the protruding bud tissue, and a foot forms at the proximal end. Subsequently, the fully developed bud detaches from the parent polyp and, with feeding, grows into an adult in 4 -6 days (Otto and Campbell, 1977) .
In situ hybridization was carried out on adult hydra with buds at different stages of development, and dramatic changes in CnOtx expression were observed. Early during bud formation, CnOtx was strongly upregulated in the ectodermal cells of the placode (Fig. 4A) . This high level of expression was maintained as the placode evaginated and began developing into a protrusion (stage 3; Fig. 4B ). In addition, the domain expanded radially from the placode back onto the adult body column, forming a circular pattern with the tip of the bud at the center of the circle. This circular domain of CnOtx expression appeared to cover most of the bud field, which is the area of the parent body column that is ultimately displaced onto the developing bud. The bud field has been shown to extend about halfway around the circumference of the adult body column (Otto and Campbell, 1977) .
As development continued, expression was reduced or eliminated in the regions of the bud that would develop into the extremities. The first noticeable change occurred when the bud had begun to elongate. Between stages 3 and 4, the apical tip of the bud, which corresponds to the future hypostome (Otto and Campbell, 1977) , became devoid of CnOtx expression (Fig. 4C) and remained so from then on (Figs. 4D-4F ). By stage 6, as tentacles began to emerge, CnOtx expression was no longer apparent in this tissue (Fig.  4E) , indicating that the gene had been strongly downregulated during the initial stage of tentacle formation. Thereafter, the tentacles elongated to their full length, and as in the adult, CnOtx was not expressed in these structures. The final refinement of the CnOtx pattern occurred at stage 9, when CnOtx was downregulated in the developing foot, at the basal end of the bud (Fig. 4F) .
The expression level of CnOtx in the developing body column of the bud also changed over the course of development. CnOtx was expressed at a high level early in development (stages 1-5; Figs. 4A-4D) . However, by stage 9 (Fig.  4F) , or shortly after detachment of the bud from the parent (data not shown), the expression decreased to a low level similar to that found in the adult body column.
In addition, the expression of CnOtx in the parent body column was dynamic throughout bud development. As described above, CnOtx first appeared in the ectodermal placode (Fig. 4A ) and spread radially into presumptive bud tissue in the body column. The domain of CnOtx expression in the parent body column reached its maximal extent by stage 3, when the area of CnOtx expression overlapped with a large fraction of the bud field (Fig. 4B) . As the bud progressed through stages 4 and 5, the border of the CnOtx domain receded from the parent body column in the direction of the emerging bud (Figs. 4C and 4D) . By stage 5, the intense stain in the parent was restricted to a region only slightly larger than the elongating bud itself (Fig. 4D) , and later, at stage 6, CnOtx was expressed only in the bud protrusion (Fig. 4E) . The CnOtx domain therefore moved in register with the displacement of cells fated to become part of the bud (Figs. 4B-4E; Otto and Campbell, 1977) .
CnOtx Does Not Play a Role in Head or Foot Formation and Is Unrelated to the Positional Value Gradient
The intense expression of CnOtx during budding suggested that the gene might have a role in axial patterning. The central component of hydra axial patterning is a positional value gradient (for reviews, see Wolpert, 1971; Bode and Bode, 1984; Mü ller, 1996) , which is highest in the head and decreases down the body column to a minimal value in the foot. The head forms at high levels of positional value, while the foot forms at low levels (for review see Bode and Bode, 1984; Mü ller, 1996) .
Regeneration experiments are one direct approach to assay the role of CnOtx in the formation of head and/or foot. When the head or foot of an adult hydra is removed, a complete head or foot will regenerate at the tip, indicating that tissue has been repatterned. Animals were cut either below the tentacle zone or just above the foot and allowed to regenerate for up to 48 h, by which time morphological heads and feet had formed. Periodically, samples were analyzed for expression of CnOtx. There was no increase in CnOtx expression during either head or foot regeneration; instead, the CnOtx message disappeared from both regenerating heads and feet by 32-36 h (data not shown). Hence, CnOtx does not appear to have a role in the formation of head or foot.
Further, the exclusion of CnOtx message from the extremities (head, tentacles, and foot) suggested that CnOtx may be activated in response to a threshold range of positional values, which would correspond to the body column. Changing the level of the positional value throughout the animal, then, might contract or expand the domain of CnOtx expression.
To explore this idea, animals were treated with DAG or lithium. DAG raises the positional value to a more apical level throughout the animal (for review, see Mü ller, 1996) , ultimately generating ectopic tentacles and secondary heads in the body column (Mü ller, 1990) . Hydra were treated with DAG for 12 days, resulting in the formation of ectopic tentacles. The range and intensity of CnOtx expression along the body column were unchanged, and as expected, there was no CnOtx message in the ectopic tentacles that developed (data not shown).
Conversely, treatment of hydra polyps with lithium decreases the level of positional value throughout the body column (Maggiore and Bode, unpublished results), eventually resulting in the formation of ectopic feet along the body column (Hassel and Berking, 1990) . Animals treated with lithium for 12 days developed ectopic feet along the body column, indicating a significant decrease in the positional value of the tissue. Again, the CnOtx body column expression was unaffected, and the ectopic feet that formed did not express CnOtx (data not shown). Therefore, the domain of CnOtx expression did not shift in response to changes in positional value caused by DAG or lithium.
Thus, CnOtx does not have a direct role in the formation of either head or foot and is not regulated by the positional value gradient that plays an essential role in the formation of these structures.
CnOtx Expression Is Correlated with Cell Rearrangement during Budding
The experiments described thus far suggest that CnOtx is important in budding, particularly during the early stages.
Further, it appears that CnOtx is not directly involved in axial patterning or the formation of head or foot in the adult. Since it has been proposed that Otx genes in vertebrates may have a role in cell movement early in development (e.g., Bally-Cuif and , it is plausible that CnOtx may have a similar role in hydra.
As part of the tissue displacement that occurs continuously in the body column of an adult hydra, tissue is displaced onto developing buds (Campbell, 1967b; Otto and Campbell, 1977) . These patterns of tissue movement can be observed by injecting India ink, a vital dye containing carbon particles, into the ectoderm (Campbell, 1973) . As the dye is taken up by the ectodermal cells in the vicinity of the injection, a patch of marked cells is formed. As tissue is displaced along the body column, such a patch undergoes little change in shape, indicating that the cells of the body column are displaced uniformly as a sheet of cells (Campbell, 1967b) . In sharp contrast, ink marks made within the bud field undergo considerable changes in shape, demonstrating that these cells shift relative to one another as they are displaced onto the developing bud (Otto and Campbell, 1977) .
To investigate the possible connection between CnOtx expression and an increased rate of cell rearrangement, buds at several stages of development were marked with India ink and observed periodically for changes in the shape of the ink marks. Buds that were marked at stage 3, when the entire bud exhibited a high level of CnOtx expression, showed significant alterations in spot shape. An initially small, round mark (Fig. 5A) had elongated considerably by the time the bud had reached stage 5 (Fig. 5B) . One day later, when the bud had developed to a stage 6 or 7, the mark had not changed shape significantly and the area of the mark appeared to be similar to its area at stage 5 (Fig. 5C ). This indicated that cell rearrangement occurred predominantly between stages 3 and 5. These observations were typical, as most of the marks made on stage 3 buds (79% , Table 1 ) changed shape in this manner.
Buds at stage 4 -5 were marked either at the base of the bud adjacent to the parent or on the body column of the bud. Both of these regions had high levels of CnOtx expression at that stage. Most of the marks (72%) made at the base of the bud elongated during the next several hours, as did about half (42%) of those made in the middle of the bud (Table 1) .
The marking of later stage buds reinforced the observation that cell rearrangement occurred primarily during early bud stages. By stage 6, when the intensity of CnOtx expression had begun to decrease, there was a parallel decrease in the number of marks that changed shape (13%; Table 1 ). In addition, marks made on stage 9 buds, when the CnOtx expression level was close to that of the adult body column, also changed shape only rarely (14% ; Table 1 ). Further, when shape changes did occur in marks made on stage 6 and stage 9 buds, they were much less extensive than those made on earlier stage buds (data not shown). As controls, marks were made at various locations on adult body columns, and as expected, very few of these changed shape (4% ; Table 1 ). Thus, CnOtx upregulation during bud formation is tightly coupled with the stages when the ectodermal cells are undergoing a lot of cell rearrangement, suggesting that CnOtx has a role in this process.
CnOtx Is Upregulated during Aggregate Formation
Budding entails the establishment of an axis and, as described above, involves much cell movement. The upregulation of CnOtx in buds suggests that it plays a role in one or both of these processes. The development of normal hydra from aggregates provides another example where considerable cell rearrangement occurs concomitant with the formation of a new axis. As shown in Fig. 6 , aggregates are made by dissociating hydra tissue into a cell suspension and subsequently centrifuging the cells into pellets, or aggregates (Gierer et al., 1972) . Within a day the ectodermal and endodermal epithelial cells sort out to form a bilayered spherical shell surrounding a fluid-filled cavity. By 3 days of development, single tentacles and developing heads begin to appear. After 4 -5 days, the developing heads begin to organize the surrounding aggregate tissue into body columns. By 8 days, extended body columns are visible, some with foot tissue beginning to form. Thereafter, the completely patterned animals separate from the mass of aggregate tissue.
Since all initial positional information is destroyed during the formation of an aggregate, patterning processes must be activated anew in order to direct the formation of a new axis. In addition, the formation and subsequent extension of body columns involve the displacement of tissue from a spherical sheet into the narrow cylinders of body columns, a process most likely accomplished through cell rearrangement. It was therefore of interest to investigate whether CnOtx was upregulated during the development of aggregates, in association with axis formation and/or cell movement.
Aggregates were made and assayed for CnOtx expression by in situ hybridization periodically thereafter. After 1 day, when a hollow sphere had formed, there was no detectable CnOtx expression (Fig. 7A) . By 2 days of development, CnOtx was clearly expressed uniformly throughout the ectoderm of an aggregate (Fig. 7B) . This low level of expression was similar to that found in adult body columns. After this stage, the level of CnOtx expression increased dramatically so that by 3 days of development, the intensity of the CnOtx stain approximated the intensity found in developing buds (Fig. 7C) . The level remained high as heads began to emerge (Fig.  7D ) and as the heads subsequently organized the surrounding tissue into cylindrical body columns (Figs. 7D and 7E) . At the same time, CnOtx expression decreased first in the emerging tentacles (Fig. 7C) , thereafter in developing hypostomes (Fig. 7D) , and finally in developing feet (Fig. 7E) . Hence, as during bud formation and regeneration of head and foot, CnOtx was not expressed in the extremities. 
DISCUSSION
CnOtx Is the First Otx Gene Isolated from a Diploblast
Following the identification of the homeobox gene orthodenticle in Drosophila (Finkelstein et al., 1990) , Otx genes have been identified in a wide range of animals. The isolation of an Otx gene from the diploblast hydra indicates that this gene family originated very early in metazoan evolution. The homeodomain of CnOtx is located near the N-terminus of the protein and is 75-78% identical with other Otx homeodomains. Further, the CnOtx homeodomain has a lysine at position 50. These characteristics, as well as the phylogenetic analysis, reflect the high degree of evolutionary conservation within the Otx gene family.
A High Level of CnOtx Expression Is Related to Cell Movement
Otx genes have been implicated in several different processes during development. Most notable are their roles in specifying anterior tissue early during embryogenesis and the patterning of the anterior end of the nervous system somewhat later. In addition, Otx genes are expressed in the prechordal, or head, mesoderm in several vertebrates. The cells of the presumptive prechordal mesoderm are distinct from other mesodermal populations during gastrulation in that they exhibit a crawling behavior as they move in anteriorly. Otx genes may have a role in the migration of these cells (for review, see Boncinelli and Mallamaci, 1995; Bally-Cuif and Boncinelli, 1997) .
In mouse, for example, Otx2 is crucial for the formation of the presumptive prechordal mesoderm, as mice lacking Otx2 are missing this mesodermal population entirely (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . Similarly, in Xenopus, Xotx2 is expressed in the migratory deep zone cells of the early organizer (Blitz and Cho, 1995; Pannese et al., 1995) , which are cells fated to become prechordal mesoderm (Keller et al., 1992) . Microinjection of Xotx2 mRNA into early Xenopus embryos results in a shortened trunk and tail, indicating that ectopic Xotx2 interferes with the normal convergence and extension movements involved in notochord formation (Pannese et al., 1995; Andreazzoli et al., 1997) . Thus, expression of Xotx2 in the presumptive prechordal mesoderm of normal embryos may enable these cells to migrate individually (Pannese et al., 1995) .
A major role of CnOtx in hydra may also be related to cell movement. CnOtx is expressed very intensely during the early stages of budding. As demonstrated by marking experiments, the displacement of tissue onto an early stage bud entails significant cell rearrangement. Conversely, during later stages when cell rearrangement has diminished, the level of CnOtx has decreased. Hence, in analogy with the vertebrate Otx genes, CnOtx may impart to cells the ability to undergo cell movements, which are evident in hydra as cell rearrangement.
The upregulation of CnOtx during aggregate development may also reflect a role in cell movement. The intense expression of CnOtx beginning at 3 days of development coincides with the appearance of developing heads (Gierer et al., 1972) . Thereafter, each of these heads organizes surrounding tissue into a body column. As during bud formation, this involves a change in the shape of a sheet of cells. In this case, part of the spherical shell of the aggregate is reshaped into a narrow cylindrical column. Most likely this requires the rearrangement of the epithelial cells of the sheet to accommodate changes in the geometry of the tissue. If so, then CnOtx upregulation in aggregates, as in developing buds, would be associated with regions of tissue undergoing cell rearrangement. Unfortunately, marking of aggregates and subsequent analysis of marks were technically difficult due to the fragility of the tissue, so that a precise measurement of the cell movements occurring in aggregates was not feasible. Although a direct correlation between cell movement in aggregates and a high level of CnOtx expression has not yet been demonstrated, it is likely that the gene may have a function in aggregates similar to its proposed role during budding.
Role of CnOtx in Specifying Anterior Tissue
In addition to the intense CnOtx expression that is strongly correlated with cell rearrangement, there is a low level of expression throughout the ectoderm of the body column and the tentacle zone. This could simply reflect a low level of cell rearrangement that might occur in the body column as tissue is displaced toward the extremities. However, this explanation is unlikely, given the sudden decrease in CnOtx expression at the tentacle zone/tentacle border (see Fig. 3 ). This decrease occurs in the absence of any change in the extent of cell rearrangement, since there is only a low level of rearrangement along both the body column and the tentacles (Campbell, 1967b) . CnOtx may therefore be fulfilling a role in the body column that is unrelated to cell movement.
Early in development, some Otx genes are expressed in broad anterior domains that are later restricted to specific structures of the developing head. For example, in Drosophila, orthodenticle is initially expressed as a cap, and then a circumferential stripe, at the anterior end of the cellular blastoderm embryo. Subsequently, the stripe becomes resolved into two lobes of the dorsal part of the head (Finkelstein et al., 1990) . In mouse, Otx2 is expressed throughout the epiblast early in development, and later, both Otx2 and Otx1 are expressed in the presumptive forebrain and midbrain (Simeone et al., 1992 (Simeone et al., , 1993 . A similar dynamic is observed in the expression of c-Otx2 in the chick (BallyCuif et al., 1995) .
The expression of CnOtx throughout the body column of hydra could reflect its role in specifying tissue that is competent to respond to "anteriorizing" signals. There is some evidence that the body column of hydra is primed to develop a head. Perhaps most compelling is that any part of the body column is capable of forming a head; bisection at any axial level invariably leads to the formation of a head at the apical end of the lower regenerating half. Further, aggregates derived from body column tissue develop into one or more normal hydra (Gierer et al., 1972) . In this process, the pattern of the developing animals is established de novo, and invariably, heads form first. Thus, the body column, where CnOtx is expressed, could be primed for head formation, and CnOtx may be involved in establishing this tissue as competent to develop heads.
Evolutionary Implications
Analysis of the family of Otx genes reveals an evolutionary conservation of structure and function. The roles of the these genes in anterior patterning have suggested that the Otx genes acquired these functions before the divergence of the protostomes and deuterostomes. The possible role of CnOtx in the specification of anterior tissue may provide support for the appearance of an "anterior" role for Otx genes early in metazoan evolution. Because less is known about the roles of Otx genes in cell movement, it is more difficult to determine when such a role for this gene family may have appeared. The finding that CnOtx most likely has a role in cell movement in hydra suggests that such a role for Otx genes may have also arisen prior to the protostome/ deuterostome divergence, again arguing for conservation of function.
